Perhaps the most well-known and widely used bioinsecticides are those based on the insecticidal crystal proteins (ICPs) produced by the sporulating bacterium Bacillus thuringiensis. The ICPs (also termed delta endotoxins) can comprise up to 20 to 30% of the total dry weight of sporulated cells (28) and form crystalline inclusions which are toxic when ingested by susceptible insects. The crystalline inclusions may be of various morphologies which reflect the differences in the nature of the ICPs that comprise them. ICPs can exhibit a wide variety of insecticidal specificities, and crystal proteins toxic to lepidopteran, dipteran, and coleopteran insect species have been described (7, 13, 23) .
Upon ingestion, ICPs are solubilized and, in some cases, proteolytically processed by insect gut proteases to yield an active truncated toxin moiety (28) . This active toxin moiety disrupts the osmotic balance of midgut epithelial cells, eventually resulting in cell lysis. The insect stops feeding within minutes, followed by paralysis and death in 3 to 5 days.
The genes encoding ICPs have been localized to large (>30-MDa) plasmids (14, 15) , and various ICP genes have been cloned and characterized (for a review, see reference 20) . Generally, the sequences of genes encoding proteins active on different orders of insects are not well conserved. Rather, the gene sequences encoding a given crystal phenotype and proteins active against the same insect order are significantly more related. The sequence relatedness of ICPs as well as their insecticidal activity spectrum have been used to define an ordered classification of genes encoding B. thuringiensis ICPs (20) . Four major classes of ICP genes have been identified; cryI, cryII, cryIII, and crylV genes encode lepidoptera-specific (CryI), lepidoptera-and diptera-specific (Cryll), coleoptera-specific (CrylIl), and dipteraspecific (CryIV) proteins, respectively.
The cryI genes, encoding the 130-to 138-kDa lepidopteran-active ICPs that form bipyramidal crystalline inclusions, comprise the largest of these families. Within the cryI gene classification, a subranking has been established on the basis of further refinement of sequence relationship. The cryIA gene subfamily [cryIA(a), cryIA(b), and cryIA(c)] includes the previously designated 4.5, 5.3, and 6.6 P1 genes, originally differentiated according to the size (in kilobases) of a characteristic Hindlll fragment associated with the presence of the gene (25) . The amino acid sequences of CrylA proteins are highly homologous (>80%), with most of the sequence dissimilarity localized to a short internal variable region (40) . It is believed that differences within this variable region account for the different insecticidal specificities exhibited by the CryIA(a), CryIA(b), and CryIA(c) proteins. Additional genes within the cryl B. thuringiensis family have been recently reported, such as the cryIB gene from B. thuringiensis subsp. thuringiensis (5) , cryIC and cryID from B. thuringiensis subsp. aizawai (4, 21) , and cryIE from B. thuringiensis subsp. darmstadiensis (4 
MATERIALS AND METHODS
Bacterial strains and plasmids. The strains and plasmids discussed in this report are described in Table 1 . B. thuringiensis subsp. aizawai EG6345 was isolated from a maize grain dust sample by using previously described procedures (11) . Plasmid profiles were determined for each strain by electrophoresis through agarose gels (14) . The crystal-negative (Cry-) strain B. thuringiensis HD73-26, which is a cured derivative of HD-73 containing a single 4.9-MDa plasmid, was used as a recipient for transformation of recombinant DNA constructs into B. thuringiensis (11, 13a (31) . Plasmid pEG434 contains the 3.1-kb EcoRI fragment from Bacillus cereus plasmid pBC16 modified by the insertion of a multiple cloning site at the EcoRI site. E. coli GM2163, obtained from New England BioLabs, was used to facilitate transfer of plasmids from the E. coli DHSt background to B. thuringiensis HD73-26 (30) .
Nucleic acid hybridization. Total DNA from strains EG6345 and EG6346 was prepared according to the procedure of Kronstad et al. (24) . Restriction enzyme digests were performed as recommended by the manufacturer. Restricted DNAs were size separated by electrophoresis in horizontal 0.7% agarose slab gels and transferred to nitrocellulose by the procedure of Southern (37) . All double-stranded DNA probes were radioactively labeled by nick translation (33) . Nitrocellulose filters containing bound DNA were hybridized under either of two conditions to accommodate alterations in the stringency of the annealing reaction. Prehybridization and hybridization of filters were in a solution of 3 x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 1Ox Denhardt's solution (lx Denhardt's solution is 0.02% bovine serum albumin, 0.02% Ficoll, and 0.02% polyvinylpyrrolidone), 200 pLg of heparin per ml and 0.1% sodium dodecyl sulfate (SDS). Standard (high-stringency) hybridization was conducted at 65°C; hybridization at lower stringency was performed at 50°C. Washes were in 3 x SSC-0.1% SDS at either temperature. Filters were dried and exposed to Kodak X-Omat AR film, using DuPont Cronex intensifying screens.
Construction of a B. thuringiensis EG6346 genomic library. High-molecular-weight DNA, obtained from B. thuringiensis EG6346, was partially digested with Sau3A and size fractionated on a 10 to 40% sucrose gradient in 100 mM NaCl-10 mM Tris hydrochloride (pH 7.4)-i mM EDTA (29) . Gradient fractions, containing DNA ranging in size from 5 to 10 kb, were pooled, dialyzed against 10 mM Tris-1 mM EDTA (pH 7.4), extracted with 2-butanol to reduce the volume, and ethanol precipitated (29) . The purified insert DNA was ligated to pGEM-3Z BamHI-digested vector DNA at a 1:2 molar ratio of vector to insert and at a final DNA concentration of 20 ,ug/ml, using T4 DNA ligase (Promega). Transformation into E. coli DH5a cells was done according to the manufacturer's directions. Transformed colonies were plated on LB medium containing 100 ,ug of ampicillin and 50 ,ug of X-Gal (5-bromo-4-chloro-3-indolyl-3-D-galactoside) per ml. Approximately 3.3 x 106 colonies were screened for the presence of cryI-related toxin gene sequences under low-stringency conditions, using a probe comprised of a 2.2-kb PvuII intragenic fragment obtained from a crylA(a) gene present within B. thuringiensis HD-1. Rapid, smallscale isolation of plasmid DNA from recombinant colonies was performed by the procedure of Birnboim and Doly (3).
Transformation procedures. Transformation of E. coli DH5ct was performed according to the manufacturer's protocol (Bethesda Research Laboratories' recommended protocol, which was adapted from the procedure of Hanahan [17] 
RESULTS
Identification and isolation of the cryIF gene. B. thuringiensis subsp. aizawai EG6345 was isolated from a maize grain dust sample and selected for further study on the basis of its insecticidal activity against a variety of lepidopteran larvae (data not shown). Strain EG6346 was identified by its distinct colony morphology (i.e., shinier) in comparison with strain EG6345 on a nutrient salts agar plate and subsequently shown by plasmid profile agarose gel electrophoresis analyses to be a spontaneously cured derivative of strain EG6345, which lacked the 45-MDa plasmid. Both strains, EG6345 and the cured derivative, EG6346, produced large bipyramidal inclusions during sporulation.
Total DNA, prepared from both EG6345 and EG6346, was digested with Hindlll, electrophoresed through a 0.7% agarose gel, transferred to nitrocellulose, and hybridized at 50°C either to a 726-bp EcoRI N-terminal probe ( The hybridization pattern obtained with the intragenic PvuII probe from cryIA(a) was more complex (Fig. 1B) . This probe, as expected, also hybridized to the 4.5-and 6.6-kb N-terminal flanking HindIII fragments in HD-1 (lane 3), confirming the presence of the cryIA(a) and cryIA(c) genes resident in this strain. In addition, a C-terminal 2.2-kb flanking HindIII fragment from cryIA(c), as well as an internal 1.1-kb fragment corresponding to the presence of the cryIA(a) gene, was detected in HD-1. As expected, the 4.5-and 1.1-kb fragments, corresponding to the cryIA(a) gene, were absent in both EG6345 and EG6346, consistent with the lack of a cryIA(a) gene in both strains. Although a band of approximately 6.6 kb was observed in EG6345 (lane 2), which appears to comigrate with the cryIA(c)-specific 6.6-kb band from HD-1 (lane 3), the appearance of this band is coincidental and does not suggest the presence of a cryIA(c) gene in EG6346, as determined by independent confirmation with the EcoRI probe ( The sequence analysis program of Queen and Korn (32) was used to compare the cryIF and CryIF sequences with the published sequences of other B. thuringiensis insecticidal crystal genes and proteins (Table 2) . For comparisons between genes of widely differing lengths, such as cryIF (3.5 kb) and cryIVD (1.9 kb), alignments were performed as follows. Alignment of sequences was first determined by using full-length sequences for both genes. The sequence of the larger of the two genes was then truncated at the last nucleotide shared between the two genes, and the two sequences were realigned to determine the percentage of matched nucleotides within the general area of homology defined by the first alignment. Full-length amino acid sequences were similarly compared.
As deduced from Table 2 , the nucleotide sequence of the cryIF gene is only about 67 to 78% homologous (positionally identical) to those of the cryIA subgroup, cryIB, cryIC, cryID, and cryIE genes. Among these crystal protein gene sequences, the DNA sequence of cryIF was most homologous to the cryIA(a) nucleotide sequence from B. thuringiensis HD-1, with 77.6% of the nucleotides conserved between the two genes. Nucleotide sequence comparisons between the cryIF and cryII, cryIII, and cryIV genes revealed, as expected, significantly less homology. The sequence of the cryIIA gene was most divergent, with only 43.9% of the nucleotides conserved between the two genes.
Comparisons of the amino acid sequences generally reflect results obtained between nucleotide sequence comparisons.
Again, the CryIF protein sequence was distinct from but significantly homologous to the other Cryl proteins, with 58 to 72% of the amino acids conserved. Although the nucleotide sequence of cryIIA was least related to that of cryIF, the CrylIA protein was slightly more related to the CryIF protein than was CryIVD (24.6% versus 20.8% shared amino acids).
Particular attention was focused on the 5'-terminal region of the cryIF gene, since this region has been shown to encode the active toxin moiety of other Cryl ICPs (2, 19, 35) .
Amino acid homologies ranged between 49 and 52% for the N-terminal region of the CryIF protein and similar domains in the CryIA, CryIC, and CryIE proteins. The CryIF N-terminal amino acid sequence was less related to CryIB (40%).
Expression of cryIF in B. thuringiensis. Previous reports from this laboratory (11) have indicated that E. coli cells harboring B. thuringiensis ICP genes fail to produce significant amounts of toxin protein when ICP genes are expressed from their native promoters. Returning the cloned B. thuringiensis ICP gene to a Bacillus species, and ideally to a B. thuringiensis host, maximizes ICP gene expression from its native promoter and enables sufficient crystal protein yields required for critical evaluations of insecticidal activity. To this end, the cloned cryIF gene was introduced into an acrystalliferous recipient B. thuringiensis strain, HD73-26, as described below.
The pEG640 plasmid construct was ligated to the modified pBC16 vector pEG434 (31) at the unique HindlIl site present on both pEG640 and pEG434. The resulting recombinant plasmid, designated pEG642 (Fig. 2B) , possessed both E. coli and Bacillus replication origins and a selectable marker (tet) that encoded tetracycline resistance in a B. thuringiensis host. A previous report documented increased transformation efficiency of B. thuringiensis strains with DNA isolated from GM2163, an E. coli mutant strain defective for both adenine and cytosine methylation (31) . Therefore, pEG642 plasmid DNA was first used to transform E. coli GM2163. Plasmid DNA prepared from this recombinant strain (GM2163 containing plasmid pEG642) was used to transform the B. thuringiensis Cry-recipient strain HD73-26 by electroporation. A single tetracycline-resistant B. thuringiensis HD73-26 transformant, strain EG1945, contained pEG642, as verified by restriction enzyme and hybridization analyses (data not shown), and was chosen for further study. Microscopic examination of sporulated B. thuringiensis EG1945 cultures revealed the presence of crystalline inclusions (large, irregularly shaped rods and bipyramidals).
Renografin gradient-purified crystal protein from strain EG1945 was used for SDS-PAGE analyses of the crylF gene product. The Renografin-purified CryIF protein from the B. thuringiensis EG1945 recombinant strain was compared with similarly purified proteins obtained from the native B. thuringiensis isolates, EG6345 and EG6346 harboring the cryIF gene. A single large protein of approximately 135 kDa was observed in strain EG1945 (Fig. 4, lane 3) , consistent with expression of cryIF in this background. The size of the observed protein correlates well with the predicted molecular mass of 134 kDa deduced from the amino acid sequence. At least three distinct protein species were observed in EG6345 (lane 1), which confirms the DNA hybridization analyses (Fig. 1) and verifies the presence of the cryIA(b), cryIC, and cryIF genes in this strain. It is possible, however, that other proteins of similar size encoded by additional toxin genes are present in EG6345 which are not resolved under these electrophoretic conditions. B. thuringiensis EG6346 (lane 2), which was used to construct the library from which cryIF was cloned, produces at least two ICPs, the largest of which appears to comigrate with the 135-kDa CryIF protein produced by the recombinant strain EG1945. The smaller protein present in EG6346 and also evident in EG6345 most likely represents the protein encoded by the cryIC gene, which has been identified in each of these strains by DNA hybridization analysis with a cryIC-specific oligonucleotide probe (data not shown). However, because of the sometimes spurious nature of protein migration in gradient SDS-polyacrylamide gels, specific confirmation of protein size for the CryIC protein compared with the CryIF protein will depend on analysis of the full-size, cloned cryIC gene product.
Plasmid localization of the cryIF gene. To determine the location of the cryIF gene in B. thuringiensis EG6345 and EG6346 and to compare its location with that of the cryIA(b) gene present within strain EG6345, plasmid DNAs from EG6345 and EG6346 were resolved by agarose gel electrophoresis according to the method of Gonzalez et al. (14) (Fig.  SA) . Plasmid DNAs were then transferred to nitrocellulose and hybridized either to the intragenic 2.2-kb PvuII probe or to a cryIF gene-specific probe consisting of a gel-purified 0.4-kb PstI-SacI fragment isolated from the 5'-terminal region of the crylF gene on pEG640. As shown in Fig. SB , the PvuII intragenic crylA(a) probe hybridized strongly to the 44-MDa plasmid present within HD-1 (lane 1), which harbors a cryIA(b) gene (25) . Hybridization of the PvuII probe to this plasmid was expected, since the nucleotide sequence of the probe is highly conserved among all three cryIA genes. Similarly, the PvuII probe also hybridized to the large 110-MDa plasmid in strain HD-1 containing the cryIA(a) and cryIA(c) toxin genes (25) .
The PvuII probe also hybridized to the 45-MDa plasmid encoding the cryIA(b) gene in strain EG6345. Differences in the hybridization signal intensity of the PvuII probe in detecting the cryIA(b) gene in strains HD-1 and EG6345 may be attributed to inconsistent amounts of DNA loaded onto the gel (Fig. 5A) . Lack of hybridization by the PvuII probe to a 45-MDa plasmid in strain EG6346 (Fig. SB, lane 3) was consistent with the absence of the 45-MDa plasmid in this cured derivative of EG6345. The 115-MDa plasmid present within strains EG6345 and EG6346 was weakly detected by the PvuII probe (Fig. 5B, lanes 2 and 3) . cryIA genes in strain HD-1 or EG6345 but did hybridize to the 115-MDa plasmid present in strains EG6345 and EG6346, indicating that the 115-MDa plasmid contains the cryIF gene. The comparative intensity of the hybridization signal obtained is weak. This is particularly evident in comparison with the signal that results from hybridization of the PvuII probe to the cryIA gene(s) present in HD-1 and EG6345. Several factors may be responsible for this weak hybridization signal. First, the PvuII probe hybridizes strongly to all cryIA genes located on the 110-and 45-MDa toxin plasmids of HD-1. In contrast, the cryIF-specific PstI-SacI probe, which is derived from an N-terminal region of cryIF, which has limited sequence homology to the cryIA genes, is specific for the detection of cryIF only. In addition, highmolecular-weight, closed covalent circular DNA, such as that represented by the 115-MDa plasmid, may be less efficiently transferred by the Southern blot procedure than are smaller plasmids (such as the 45-MDa plasmid shown in Fig. SB) . Finally, the relative sizes of the probes used in (20, 27) . Not surprisingly, all five conserved domains are present in CryIF. The box 1 and 2 conserved domains are highly hydrophobic and have been hypothesized to comprise a toxicity domain capable of membrane insertion (16) . Interestingly, greater homology was evident between CryIF and CryIA(b) at homology boxes 1 and 2 than was present at homology box 3. At box 3, homologies between CryIF and CryIA(b) and between CryIF and CryIC were 63 and 76%, respectively.
Experiments are currently under way to clone and characterize the potential gene suggested by the presence of ORF2 from the EG6346 genomic library. Of interest was the close proximity of cryIF to the ORF2 sequence, with an intervening sequence of only 500 bp separating the open reading frames. Although sequence inspection located a potentially functional promoter sequence upstream of the cryIF open reading frame, a similar sequence was not observed for ORF2. Sequence inspection has identified, however, a putative termination structure within the 500-bp intervening sequence at nucleotide positions 4090 to 4132 that is nearly identical to the termination structure described for the crylA(a) gene of the HD-1-Dipel strain (41) .
In conclusion, a novel ICP gene, cryIF, has been identified that directs the synthesis in B. thuringiensis of a 133.6-kDa protein, CryIF, with significant insecticidal activity against H. virescens, S. exigua, and 0. nubilalis larvae. The characterization of novel ICP genes, such as cryIF, furthers our understanding of the molecular genetic basis and diversity of B. thuringiensis ICP specificity. This diversity of ICPs is of paramount importance in the creation of new B. thuringiensis-based bioinsecticides by using both microbial genetic and recombinant DNA techniques. It will be of interest to determine whether the CryIF active toxin moiety binds to a midgut epithelium receptor population that is distinct from those identified for other Cryl proteins (18, 38) . Lepidopteran-active ICPs with distinct receptor binding characteristics are of particular interest, since recent evidence indicates that laboratory-selected insect resistance to a specific ICP can be correlated with a reduced affinity of the membrane receptor for that protein (39) . B. thuringiensis bioinsecticide products composed of multiple ICPs that interact with distinct membrane receptors may therefore be less likely to lead to resistant insect populations (39) .
